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We have studied the characteristics of blue InGaN /GaN multiquantum-well light-emitting diodes
LEDs after reducing the length of the lateral current path through the transparent layer through
formation of a peripheral high-resistance current-blocking region in the Mg-doped GaN layer. To
study the mechanism of selective activation in the Mg-doped GaN layer, we deposited titanium Ti,
gold Au, Ti /Au, silver, and copper individually onto the Mg-doped GaN layer and investigated
their effects on the hole concentration in the p-GaN layer. The Mg-doped GaN layer capped with Ti
effectively depressed the hole concentration in the p-GaN layer by over one order of magnitude
relative to that of the as-grown layer. This may suggest that high resistive regions are formed by
diffusion of Ti and depth of high resistive region from the p-GaN surface depends on the capped Ti
film thickness. Selective activation of the Mg-doped GaN layer could be used to modulate the length
of the lateral current path. Furthermore, the external quantum efficiency of the LEDs was improved
significantly after reducing the lateral current spreading length. In our best result, the external
quantum efficiency was 52.3% higher at 100 mA than that of the as-grown blue LEDs. © 2008
American Institute of Physics. DOI: 10.1063/1.2953700
In recent years, GaN and its alloys with InN and AlN
have attracted much attention because of their suitability for
use as green-, blue-, and ultraviolet-light emitters as well as
their application in high-power electronic devices.1 These
light-emiting diodes LEDs typically employ lateral carrier
injection because of the presence an insulating sapphire sub-
strate. This current crowding effect can be a major problem
for large-area and/or high-power devices.2–4 Kim et al. dem-
onstrated a contact geometry design that reduced the effect
of current crowding and improved the device efficiency. To
date, however, only a few reports have discussed methods for
improving the external quantum efficiency EQE through
modulation of the lateral current spreading length through
the transparent layer of InGaN /GaN LEDs. In this letter, we
describe the use of the selective activation technique to re-
duce the lateral carrier injection length of blue InGaN /GaN
multiquantum-well MQW LEDs on sapphire substrates.
The Mg-doped GaN layers and the blue InGaN /GaN
MQW LEDs were grown on a c-plane sapphire substrate
using metal organic chemical vapor deposition. The Mg-
doped GaN layer structure consisted of a 30-nm-thick low-
temperature GaN buffer layer, a 2-m-thick undoped GaN
layer, and a 1-m-thick Mg-doped GaN layer. The LED
structure was published previously.5 After growth, the
Mg-doped GaN layer was capped with Ti 200 nm, Ti
100 nm /Au 100 nm, Au 200 nm, Ag 200 nm, or Cu
200 nm. The sample was then treated in a quartz furnace
under a nitrogen atmosphere for selective activation of the
Mg-doped GaN. The annealing temperature and time were
700 °C and 30 min, respectively. After thermal annealing,
the metal films were removed. The hole concentrations of the
Mg-doped GaN epitaxial layers, determined through Hall
measurements Table I, were 3.51017 cm−3 as-grown,
2.41017 cm−3 Cu, 1.11017 cm−3 Ag, 6.41016 cm−3
Au, 5.81016 cm−3 Ti /Au, and 3.31016 cm−3 Ti.
The Mg-doped GaN layers were each capped with a
layer of Ti 50, 100, 150, 200, and 250 nm and annealed
under the same conditions as those described above. The
hole concentrations Fig. 1 of the Mg-doped GaN epitaxial
layers were 3.51017 cm−3 as-grown, 9.61016 cm−3
50 nm Ti, 8.11016 cm−3 100 nm Ti, 6.21016 cm−3
150 nm Ti, 3.31016 cm−3 200 nm Ti, and 3.1
1016 cm−3 250 nm Ti. In addition, the Mg-doped GaN
layers were each capped with a layer of Ti 50, 100, and
250 nm after the same anneal conditions were sputtered
with Cameca IMS-4f secondary ion mass spectroscopy
SIMS with energy O2 8 keV under a rate of 0.25 nm /s to
determine the depth profiles of Ti, Ga, and Mg.
Finally, the blue InGaN /GaN MQW LEDs were each
selective capped with a 250-nm-thick titanium film to form
the high-resistance area of the Mg-doped GaN layer. The
aTel.:886-3-2118800 ext. 5790. FAX:886-3-2118507. Electronic mail:
rmiln@mail.cgu.edu.tw.
TABLE I. Hole concentrations of p-GaN samples after annealing as a func-
tion of the capped metal film.
Surface metal
thickness
Hole carrier concentration
after anneal cm−3
As grown 3.51017
Cu 200 nm 2.41017
Ag 200 nm 1.11017
Au 200 nm 6.41016
Ti /Au 100 /100 nm 5.81016
Ti 200 nm 3.31016
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chip processes of the blue InGaN /GaN MQW LEDs have
been described previously.5 Figure 2 provides a cross-
sectional view of the InGaN /GaN MQW LEDs prepared
using the selective activation technique; it indicates the
possible current paths from the p-bonding pad to the
n-electrode.
Table I presents the Hall measurements of Mg-doped
GaN layers capped with various metals. We found that Ti
was the metal that was most efficient at depressing the hole
concentration in the p-GaN. In addition, the system capped
with a Ti /Au film depressed the hole concentration to a
greater degree than did that capped with a Au film only.
Furthermore, Fig. 1 indicates that the hole concentration de-
creased upon increasing the capped Ti film’s thickness,
reaching a saturation value for p-GaN of 3.11016 cm−3.
Figure 3 shows SIMS depth profiles of Ga, N, Mg, and
Ti capped with 50, 100, and 250 nm Ti, respectively. Near
the surface, note that there is a usual high concentration and
that is basically an artifact of the measurement. Meanwhile,
the N clearly diffuses from the p-GaN into Ti layer during
annealing. In addition, we have found that N diffuses more
and deeper into Ti layer as the thickness of capped Ti layer
increases and that indicates more N-vacancy in the p-GaN
layer. Also, by the Mg surface riding effect,6 we can regard
the segregation peak of Mg as the Ti /p-GaN interface and
we are able to measure the depth profiling of Ti concentra-
tion in the p-GaN layer. Meanwhile, after SIMS measure-
ment, we removed the Ti layer of each sample and measured
the surface roughness rms of three samples, which are
8.9 nm Ti=50 nm, 5.5 nm Ti=100 nm, and 6.7 nm
Ti=250 nm by atomic force microscopy. We found there is
no clear difference of surface roughness among the samples
and there is no artifact of surface roughening effects during
SIMS measurements. Furthermore, the Ti diffusion profiles
in Fig. 3 clearly do not follow an error function distribution
and the fact that logarithm of the concentration is almost
linear in penetration depth is a signature of pipe diffusion.7
As mentioned above, there are more point defects of
N-vacancy in the p-GaN layer when the capped Ti layer
thickness increases. The expanded regions around the more
dislocations provide the easier path for diffusion of impuri-
ties. Thus, Ti diffuses deeper into p-GaN layer as the thick-
ness of capped Ti layer increases. The Ti diffusion depths
four order decay of p-GaN layer are 123 nm 50 nm Ti,
135 nm 100 nm Ti, and 173 nm 250 nm Ti. It is believed
that this behavior results from the lower hybrid formation
enthalpy of TiN relative to that of GaN.4 In a high-
temperature environment, the nitrogen atoms in GaN tend to
combine with Ti to form TiN complexes, leaving a high den-
sity of nitrogen atom vacancies on the surface. It has been
established that nitrogen vacancies are major donor sources
in GaN;8 a high density of nitrogen vacancies can compen-
sate for the lack of hole carriers in p-GaN and can be utilized
in the current-blocking region of the Mg-doped GaN layer.
As indicated in Fig. 2, the total voltage drop VT across
an arbitrary current path between two pads can be derived
using the following equation:3
VT = Vt + Vp + Vj + Vn = Jtd + tt + Jpd + tp + Vj
+ JnL + tn ,
where Vt, Vp, Vj, and Vn are the voltage drops across the
transparent layer, the p-type layer, the p-n junction, and the
n-type layer, respectively; J is the current density; t, p, and
n are the resistivities of the transparent, p-type, and n-type
layers, respectively; d is the length of the lateral current path
FIG. 1. Hole concentrations of p-GaN samples as a function of the thickness
of the Ti layer.
FIG. 2. Color online Cross-sectional view of the InGaN /GaN MQW
LEDs prepared using the selective activation technique, indicating the pos-
sible current paths from the p-bonding pad to the n-electrode.
FIG. 3. SIMS depth profiles of Ga, N, Mg, and Ti. These SIMS data are for
p-GaN layer capped with 50, 100, and 250 nm Ti, respectively.
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through the transparent layer; and tt, tp, and tn are the thick-
nesses of the transparent, p-type, and n-type layers, respec-
tively. Because the film thickness of the semitransparent
p-type contact is typically below 15 nm, the resistivity of the
film is three-to-five orders higher in magnitude relative to
that of its corresponding bulk material.
A perfectly uniform current spreading across the active
area of the LED can be achieved when the total voltage drop
across path A is equal to the voltage drop across path B,
which gives the condition3
Jt − nd  0.
So far, in consideration of the quality of the GaN material
and the high-power applications of GaN LEDs, most of our
interest in satisfying as above condition has been focused on
reducing the lateral current spreading length d. As indi-
cated in Fig. 2, the length of the lateral current path d can
be reduced effectively through selective activation of the
Mg-doped GaN layer; indeed, the value of d can be modu-
lated from 200 as grown to 60 m.
Figure 4 displays both the slope efficiencies dL /dI and
effective current densities as a function of d for samples A–F
operated at 100 mA. When the current density is increased
beyond that point, a monotonic drop in quantum efficiency is
observed in blue and green InGaN /GaN QW LEDs. In Fig.
4, at a injection current of 100 mA, the EQEs of the
InGaN /GaN LEDs having values of d of 180, 140, 120, 80,
and 60 m, respectively, increased 4.2%, 36.2%, 52.3%,
44.4%, and 27.8%, respectively, relative to that of the as-
grown sample. When considering the current spreading for
the different current spreading lengths, however, it is clear
that the samples having smaller spreading while is less than
initial 200 m exhibited greater current density increases
and larger EQEs reaches to a maximum value. In addition,
for the blue LEDs possessing spreading lengths smaller than
120 m, the EQEs decreased gradually. This behavior might
be attributable to the greater optical absorptions at the high-
resistance GaN layer and the active region after increasing
the degree of electron/hole recombination and/or the greater
degree of Auger recombination resulting from an increase in
the current density.
In summary, we have demonstrated a method for
modulating the lateral current spreading length of blue
InGaN /GaN MQW LEDs on sapphire substrates through se-
lective activation of the Mg-doped GaN layer. There are
more point defects of N vacancy in the p-GaN layer when
the capped Ti layer thickness increases. Thus, Ti diffuses
deeper into p-GaN layer as the thickness of capped Ti layer
increases. In addition, a high density of nitrogen vacancies
can compensate for the lack of hole carriers in p-GaN and
can be utilized in the current-blocking region of the Mg-
doped GaN layer. Furthermore, the EQEs of the LEDs were
enhanced significantly upon reducing the lateral current
spreading length. In our best result, using a value of d of
120 m and an injection current of 100 mA, the EQE was
52.3% higher than that of the as-grown blue LED.
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